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BRD

:   bovine respiratory disease

BRSV

:   bovine respiratory syncytial virus

BVDV

:   bovine viral diarrhea virus

CS

:   clinical signs

BHV‐1

:   infectious bovine rhinotracheitis

PI

:   persistent infection

PI3

:   parainfluenza‐3

Bovine respiratory disease (BRD) continues to be an economically important disease of cattle with losses estimated as \$23.60 per treated calf.[1](#jvim12597-bib-0001){ref-type="ref"}, [2](#jvim12597-bib-0002){ref-type="ref"} Bovine respiratory disease is a multi‐factorial disease involving infectious agents, compromised host immune system, and environmental factors ultimately resulting in bronchopneumonia. The viral pathogens associated with BRD include: bovine herpesvirus type 1 (BHV‐1), parainfluenza‐3virus (PI3), bovine viral diarrhea virus (BVDV), and bovine respiratory syncytial virus (BRSV). Bacterial pathogens associated with BRD include: *Mannheimia haemolytica, Mycoplasma bovis, Pasteurella multocida,* and *Histophilus somni*.

Viral pathogens are capable of causing primary infection that is generally associated with mild clinical signs (CS) of BRD.[3](#jvim12597-bib-0003){ref-type="ref"}, [4](#jvim12597-bib-0004){ref-type="ref"}, [5](#jvim12597-bib-0005){ref-type="ref"}, [6](#jvim12597-bib-0006){ref-type="ref"}, [7](#jvim12597-bib-0007){ref-type="ref"}, [8](#jvim12597-bib-0008){ref-type="ref"} An important role for BRD viral pathogens is causing immune suppression which increases susceptibility to secondary bacterial infections.[6](#jvim12597-bib-0006){ref-type="ref"} Both BVDV and BHV‐1 are spread via aerosolization with BHV‐1 able to persist in a latent state in neural tissues and recrudesce during times of stress.[5](#jvim12597-bib-0005){ref-type="ref"}, [6](#jvim12597-bib-0006){ref-type="ref"}, [7](#jvim12597-bib-0007){ref-type="ref"}, [9](#jvim12597-bib-0009){ref-type="ref"} Parainfluenza‐3 virus and BRSV are considered to be minor contributors to BRD and are spread via aerosolization.

Similar to the viral pathogens, BRD bacterial pathogens are often present as co‐infections. *Mannheimia haemolytica* is considered the most common bacterial pathogen in beef cattle BRD and is a normal inhabitant of the nasopharynx, becoming opportunistic during stress or viral infection.[5](#jvim12597-bib-0005){ref-type="ref"}, [6](#jvim12597-bib-0006){ref-type="ref"}, [10](#jvim12597-bib-0010){ref-type="ref"} *Mycoplasma bovis* can be a primary pathogen or co‐infection, with some studies showing synergism with *M. haemolytica*.[11](#jvim12597-bib-0011){ref-type="ref"}, [12](#jvim12597-bib-0012){ref-type="ref"}, [13](#jvim12597-bib-0013){ref-type="ref"} Like *M. haemolytica, Pastuerella multocida* and *Histophilus somni* are also normal flora of the respiratory tract and become opportunistic colonizers of the lung after viral infection of the respiratory tract.[6](#jvim12597-bib-0006){ref-type="ref"}

As BRD is a syndrome, the specific pathogens involved in individual cases or outbreaks are often unknown. Management and control of BRD outbreaks is influenced by disease risk factors as well as transmission dynamics of the pathogens involved. Understanding the cattle response and infectious period associated with each pathogen can lead to a better understanding of how to mitigate negative impacts of BRD in populations. While there are numerous challenge studies using the common BRD pathogens, a resource summarizing the time from exposure to a viral or bacterial BRD pathogen to exhibition of CS, pathogen shedding, and seroconversion does not exist.

The objective for this study was to perform a structured literature review of the published literature and a descriptive analysis of cattle responses (the minimum time to onset of CS, time to peak outbreak, time to resolution of CS, minimum time to shedding, time to maximum shedding, time to resolution of shedding, time to seroconversion, and time to maximum seroconversion) to challenge with common viral and bacterial BRD pathogens.

Materials and Methods {#jvim12597-sec-0002}
=====================

A structured literature search was performed using PubMed, CAB, and Agricola databases to identify studies published in English that reported cattle BRD experimental challenge models for BHV‐1, BVDV, PI‐3 virus, BRSV, *Histophilus*,*Pasteurella*,*Mycoplasma*, and *Mannheimia*. The search strategies and keywords are listed in Table [1](#jvim12597-tbl-0001){ref-type="table-wrap"}. Inclusion criteria for each study included: cattle confirmed pathogen‐free before challenge, single pathogen exposure model, utilization a negative control group, and challenge animals receiving no other treatment or vaccination for BVDV, BHV‐1, PI‐3 virus, BRSV, *Mannheimia haemolytica, Mycoplasma bovis, Histophilus somni*, and *Pasteurella multocida*. Outcomes of interest included: minimum time to onset of CS, time to peak outbreak, time to resolution of CS, minimum time to rectal temperature exceeding 40°C, time to peak rectal temperature, return of rectal temperature to less than 40°C, minimum time to shedding, time to maximum shedding, time to resolution of shedding, time to seroconversion, and time to maximum antibody titers. Only challenge models were included as time to onset of CS, shedding, and resolution times were important outcomes and challenge models provide data with specific known time of pathogen exposure. The titles and abstracts from the combined search outcomes were evaluated for inclusion and exclusion criteria. Of the pertinent abstracts, the full text was reviewed to determine inclusion or exclusion from the structured literature review based on study criteria (attached Appendix S1 lists the references considered for inclusion). A hand search was performed of included studies to ensure no additional valid studies were omitted from the search results. A study could have multiple trials within the manuscript with multiple treatment group allocation. Therefore, a published manuscript was considered a study, whereas each individual challenge pathogen was considered a trial.

###### 

Structured literature search results by database. English only results are listed

  Search terms                                                                                                         Pubmed    CAB       Agricola
  -------------------------------------------------------------------------------------------------------------------- --------- --------- ----------
  *Baseline searches for individual search terms*                                                                                          
  Bovine OR cattle OR calves                                                                                           369,041   611,304   171,371
  Respirator\* OR BRD\* OR shipping fever OR pneumonia                                                                 570,214   135,124   23, 539
  Mannheimia                                                                                                           1,024     855       853
  Pasteurella                                                                                                          7,886     12,515    2,932
  Histophilus OR Haemophilus                                                                                           34,820    8,305     1,377
  Mycoplasma                                                                                                           21,499    18,379    5,967
  Infectious Bovine Rhinotracheitis\* OR IBR\* OR BHV‐1\*                                                              14,375    7,758     4,329
  Parainfluenza‐3\* OR PI‐3\*                                                                                          7,300     2,666     1,674
  Bovine Respiratory Syncytial Virus OR BRSV\*                                                                         841       1,502     411
  Bovine Viral Diarrh\* OR BVDV\*                                                                                      3,743     6,953     1,847
  *Searches for articles on individual pathogens for analyses*                                                                             
  (Bovine OR cattle OR calves)+(Respirator\* OR BRD\*)+Mannheimia                                                      534       855       269
  (Bovine OR cattle OR calves)+(Respirator\* OR BRD\*)+ Pasteurella                                                    1,191     1, 411    311
  (Bovine OR cattle OR calves)+(Respirator\* OR BRD\*)+ (Histophilus OR Haemophilus)                                   1,107     305       69
  (Bovine OR cattle OR calves)+(Respirator\* OR BRD\*)+Mycoplasma                                                      474       862       182
  (Bovine OR cattle OR calves)+(Respirator\* OR BRD\*)+(Infectious Bovine Rhinotracheitis\* OR IBR\* OR BHV‐1\*)       428       1, 202    77
  (Bovine OR cattle OR calves)+(Respirator\* OR BRD\*)+(Parainfluenza‐3\* OR PI‐3\*)                                   235       662       88
  (Bovine OR cattle OR calves)+(Respirator\* OR BRD\*)+(Bovine Respiratory Syncytial Virus OR BRSV\*)                  841       1, 488    429
  (Bovine OR cattle OR calves)+(Respirator\* OR BRD\*)+(Bovine Viral Diarrh\* OR BVD\*)                                327       865       153
  Total number of articles (from articles on individual pathogens; some articles are present for multiple pathogens)   5,137     7,069     1,575

John Wiley & Sons, Ltd

Other data collected included: study length, challenge inoculum route, number of calves in the trial, frequency of sample collection, and blinding status. Bovine viral diarrhea virus type 1 and 2 were analyzed together and not separated into 2 separate categories. Trial day 0 was defined as the day the pathogen challenge was administered for all included studies. Trials were included for analysis regardless of completion of all outcomes of interest (eg, data only present for CS, or CS, fever, or shedding had not resolved before completion of the trial were still included for data analysis). Seroconversion data only included trials utilizing serum neutralization to test for antibody response. For the viral pathogens, shedding was determined by trials utilizing virus isolation from nasal swabs. For the bacterial pathogens, trials that utilized PCR for determination of shedding from nasal swabs were included in the structured literature review.

Data points were collected for each outcome of interest from each trial. For CS: minimum time until CS was recorded as the day postchallenge calves began showing CS (eg, at least 1 animal) for each trial, time to peak outbreak recorded as the day the highest number of cattle were affected with CS for each trial, and the resolution of CS recorded as the day all cattle were asymptomatic for each trial (with the exception of outliers as reported and determined by the published trial when present). For rectal temperatures: minimum time until rectal temperature exceeded 40°C was recorded as the day postchallenge the mean rectal temperature of challenge calves was equal to or greater than 40°C for each trial, time to peak rectal temperature was the day the calves mean rectal temperature was the highest, time to resolution of rectal temperature less than 40°C was recorded as the day the calves mean rectal temperature was less than 40°C. For pathogen shedding: minimum time to shedding was recorded as the day calves began to shed the pathogen postchallenge (eg, at least 1 animal) for each trial, time to maximum shedding was recorded as the day the most calves with the highest titers obtained, time to resolution of shedding was recorded as the day all calves ceased pathogen shedding for each trial. Time to seroconversion was recorded for each trial as the day at least 1 calf has seroconverted, and time to maximum antibody titers was recorded as the trial day the challenge calves had the highest titer. A weighted mean accounting for the number of calves present in each study was utilized and descriptive statistics were performed to analyze the data. Box and whisker plots were produced summarizing the data points from each trial for each pathogen.

Results {#jvim12597-sec-0003}
=======

After evaluation of article titles, abstracts, and then complete review of subsequent manuscripts, a total of 35 studies and 64 trials were included in the descriptive analysis. Table [2](#jvim12597-tbl-0002){ref-type="table-wrap"} shows the number of papers included for each pathogen during each stage of evaluation. No additional study was included after a hand search of references cited in included articles. All included studies were in the PubMed and CAB databases. No single trial contained all the desired areas of interest for structured literature review. Therefore, Table [3](#jvim12597-tbl-0003){ref-type="table-wrap"} demonstrates the number of trials that had data present and were analyzed for each area of interest. Bacterial shedding data were excluded from the analysis because of insufficient data present (only present for 1 study for *M. bovis*).

###### 

Number of studies present for each pathogen during each stage of evaluation

                                                                        BVDV   IBR   PI‐3   BRSV   *M. haemolytica*   *M. bovis*   *P. multocida*            *H. somni*
  --------------------------------------------------------------------- ------ ----- ------ ------ ------------------ ------------ ------------------------- ------------
  Number of relevant abstracts                                          17     25    7      44     17                 20           19                        9
  Number papers read for analysis inclusion                             8      9     5      31     13                 10           12                        5
  Number of papers (studies) included in structured literature review   8      7     3      15     5                  4            1                         0
  Number of trials included in analysis                                 12     9     3      22     5                  8            4 (all from same study)   0

John Wiley & Sons, Ltd

###### 

Number of trials that reported data for each outcome of interest included for structured literature review and descriptive analysis

                             Minimum   Peak   Resolve
  -------------------------- --------- ------ ---------
  *BVDV*                                      
  Clinical Signs             8         7      2
  Antibody titers            2         1      NA
  Rectal Temperature         10        8      8
  Virus Isolation            10        9      2
  *IBR*                                       
  Clinical Signs             9         5      8
  Antibody titers            4         3      NA
  Rectal Temperature         8         6      8
  Virus Isolation            9         9      6
  *PI‐3*                                      
  Clinical Signs             3         0      0
  Virus Isolation            3         3      3
  *BRSV*                                      
  Clinical Signs             17        15     7
  Serum Neutralization       8         4      NA
  Temperature                8         6      4
  Virus Isolation            17        14     12
  *Mannheimia haemolytica*                    
  Clinical Signs             4         4      1
  Rectal Temperature         4         4      4
  *Mycoplasma bovis*                          
  Clinical Signs             3         3      NA
  Serum Neutralization       3         3      NA
  Temperature                5         2      5
  *Pasteurella multocida*                     
  Clinical Signs             4         4      4
  Temperature                2         2      2

John Wiley & Sons, Ltd

Bovine Viral Diarrhea Virus {#jvim12597-sec-0004}
---------------------------

We identified 12 BVDV trials from 8 studies for inclusion in the analysis.[3](#jvim12597-bib-0003){ref-type="ref"}, [14](#jvim12597-bib-0014){ref-type="ref"}, [15](#jvim12597-bib-0015){ref-type="ref"}, [16](#jvim12597-bib-0016){ref-type="ref"}, [17](#jvim12597-bib-0017){ref-type="ref"}, [18](#jvim12597-bib-0018){ref-type="ref"}, [19](#jvim12597-bib-0019){ref-type="ref"} Table S1 summarizes the studies that were reviewed and analyzed. Blinding was reported for 9 of the trials. The mean trial duration was 15.5 days (range 9--27 days) with a mean of 10.2 calves (range 4--16 calves) included in each trial. Type 1 and type 2 BVDV were included in the same category for analysis. Type 1 BVDV was used as the challenge pathogen for 6 trials. Two trials utilized BVDV type 2 and 4 trials did not specify the BVDV type. Eight trials challenged the calves intranasal with the BVDV challenge pathogen. Three trials challenged via aerosolized administration and 1 trial used a combination of intranasal and aerosolized for challenge exposure.

The median for the minimum number of days until BVDV shedding was 2 days (range 1--5 days) for the 8 trials that reported time until CS started postchallenge (Fig [1](#jvim12597-fig-0001){ref-type="fig"}). The median day for peak of BVDV shedding occurred at 7 days (range 4--9 days) postchallenge with resolution at 12 days (range 11--12 days) postchallenge. Median day that rectal temperatures began exceeding 40°C was 4 days (range 2--8 days) postchallenge. Rectal temperature peaks occurred with a median at 7 days (range 7--8 days) postchallenge with median time to resolution occurring 10 days (range 7--11 days) after challenge. Median time to onset of CS was 2 days (range 1--6 days) postchallenge. Median time to peak outbreak occurred 8 days (range 5--12 days) postchallenge with median days to resolution being 15 days (range 6--23 days). Median time to seroconversion occurred 17 days (range 15--19 days) postchallenge with peak seroconversion occurring at 27 days postBVDV challenge in 1 study.

![Summary of bovine viral diarrhea trials. For virus isolation, minimum is defined as the day when shedding was first detected, peak is when shedding was at the maximum, and resolution when shedding ceased. For rectal temperature (Temp), minimum is defined as the day when rectal temperature first exceeded 40°C, peak when rectal temperature was highest, and resolution defined as when rectal temperature was less than 40°C. For serum neutralization (Serum), minimum is defined as the day when seroconversion was first detected and peak when serum neutralization was highest. For clinical signs, minimum is defined as the day when clinical signs were first detected, peak being when clinical signs were the most severe, and resolution when clinical signs resumed normal limits.](JVIM-29-770-g001){#jvim12597-fig-0001}

Bovine Herpesvirus Type 1 {#jvim12597-sec-0005}
-------------------------

Nine trials and 7 studies were included for BHV‐1 analysis.[7](#jvim12597-bib-0007){ref-type="ref"}, [9](#jvim12597-bib-0009){ref-type="ref"}, [14](#jvim12597-bib-0014){ref-type="ref"}, [17](#jvim12597-bib-0017){ref-type="ref"}, [20](#jvim12597-bib-0020){ref-type="ref"}, [21](#jvim12597-bib-0021){ref-type="ref"}, [22](#jvim12597-bib-0022){ref-type="ref"} Of the 9 trials, 3 reported using blinding with the other 6 trials either not being blinded or blinding status was not reported. The mean study duration was 33.1 days (range 14--55 days) with a mean of 6.2 study calves (range 3--14) for each trial. All trials utilized BHV‐1 for the challenge model. Five trials utilized intranasal administration for the BHV‐1 challenge and 4 trails challenged with aerosolization. Table S2 summarizes the studies that were reviewed and analyzed.

The median time until BHV‐1 began shedding was 2 days (range 1--3 days) (Fig [2](#jvim12597-fig-0002){ref-type="fig"}). Median time for peak shedding occurred on day 4 (range 2--6 days) postchallenge for BHV‐1. The median time until shedding of BHV‐1 ceased was 14 days, but spanned a time frame of as early as 7 days and as long as 17 days. Median time to rectal temperatures exceeding 40°C occurred 2 days (range 1--10) postchallenge with median time to maximal rectal temperature on day 4 (range 3--10 days) postchallenge. Median time to rectal temperatures returning to less than 40°C occurred on day 8 (range 3--10 days) postchallenge. Median time to BHV‐1 seroconversion occurred on day 17.5 (range 7--28 days) postchallenge with median time to peak antibody response on day 40 (range 28--56 days). The median time until CS began on day 2 after BHV‐1 exposure with a range extending from 2 to 5 days after challenge. The median time to peak outbreak occurred on day 7 (range 2--8 days) with median time to resolution of CS on day 14 (range 10--15 days).

![Summary of IBR trials. For virus isolation (VI), minimum is defined as the day when shedding was first detected, peak is when shedding was at the maximum, and resolution when shedding ceased. For rectal temperature (Temp), minimum is defined as the day when rectal temperature first exceeded 40°C, peak when rectal temperature was highest, and resolution defined as when rectal temperature was less than 40°C. For serum neutralization (Serum), minimum is defined as the day when seroconversion was first detected and peak when serum neutralization was highest. For clinical signs (CS), minimum is defined as the day when clinical signs were first detected, peak being when clinical signs were the most severe, and resolution when clinical signs resumed normal limits.](JVIM-29-770-g002){#jvim12597-fig-0002}

Parainfluenza‐3 {#jvim12597-sec-0006}
---------------

Three trials from 3 studies investigating PI‐3 virus were included for analysis.[3](#jvim12597-bib-0003){ref-type="ref"}, [14](#jvim12597-bib-0014){ref-type="ref"}, [17](#jvim12597-bib-0017){ref-type="ref"} Table S3 summarizes the studies that were reviewed and analyzed. The study length was 14 days for all trials with all 3 being blinded. The mean number of calves included for each trial was 14.6 (range 13--16 calves). One trial had the PI‐3 virus challenge administered via aerosolization and the other 2 trials had both intranasal and intratracheal administration.

The median time shedding of PI‐3 virus began 1 day (range 1--2 days) after challenge (Fig [3](#jvim12597-fig-0003){ref-type="fig"}). Median time to peak nasal shedding occurred 4 days (range 3--5 days) after challenge and median time until shedding resolved was day 10 (range 10--13 days). Literature review data for CS onset were only available for the minimum (when CS first appeared after challenge) which the median time occurred on day 2 (range 2--3 days) postchallenge. Only 1 trial had resolution of CS by the end of the trial (day 14). The other 2 trials did not have resolution of CS by the end of the trial and the study length was 14 days after PI‐3 virus challenge for both trials. Rectal temperature and serum neutralization data were only available for 1 trial; therefore, these outcomes were excluded for the structured literature review for PI‐3 virus.

![Summary of PI‐3 trials. For virus isolation (VI), minimum is defined as the day when shedding was first detected, peak is when shedding was at the maximum, and resolution when shedding ceased. For clinical signs (CS), minimum is defined as the day when clinical signs were first detected, peak being when clinical signs were the most severe, and resolution when clinical signs resumed normal limits.](JVIM-29-770-g003){#jvim12597-fig-0003}

Bovine Respiratory Syncytial Virus {#jvim12597-sec-0007}
----------------------------------

Investigations of BRSV for this review included 22 trials with 15 studies.[3](#jvim12597-bib-0003){ref-type="ref"}, [4](#jvim12597-bib-0004){ref-type="ref"}, [14](#jvim12597-bib-0014){ref-type="ref"}, [17](#jvim12597-bib-0017){ref-type="ref"}, [23](#jvim12597-bib-0023){ref-type="ref"}, [24](#jvim12597-bib-0024){ref-type="ref"}, [25](#jvim12597-bib-0025){ref-type="ref"}, [26](#jvim12597-bib-0026){ref-type="ref"}, [27](#jvim12597-bib-0027){ref-type="ref"}, [28](#jvim12597-bib-0028){ref-type="ref"}, [29](#jvim12597-bib-0029){ref-type="ref"}, [30](#jvim12597-bib-0030){ref-type="ref"}, [31](#jvim12597-bib-0031){ref-type="ref"}, [32](#jvim12597-bib-0032){ref-type="ref"}, [33](#jvim12597-bib-0033){ref-type="ref"} Table S4 summarizes the studies that were reviewed and analyzed. The mean study length was 15 days (range 6--42 days) with 12 trials being blinded and 10 trials either not blinded or blinding was not reported. The mean number of calves in each trial was 8 (range 4--15). Nine trials challenged with BRSV via aerosolization, 7 with intranasal challenge, and 6 with a combined intranasal and intratracheal method.

Bovine respiratory syncytial virus median time to CS began on day 3 (range 1--6 days) postinoculation with time to peak median outbreak occurring on day 6 (range 2--11 days). Median time to resolution did not occur until day 12 (range 7--17 days) postinoculation. Median time rectal temperatures exceeded 40°C was day 5 (range 1--7 days) and median time to maximum rectal temperature occurred on day 6 (range 5--8 days). The median time rectal temperatures returned to less than 40°C was trial day 8 (range 7--10 days) postchallenge. Median time to seroconverison for BRSV was day 9 (range 5--21 days) postchallenge using serum neutralization. Time to maximum median antibody response occurred on postchallenge day 23 (range 9--32 days). Median time to BRSV shedding began 3 (range 1--5 days) days after challenge with median time to peak shedding on day 5 (range 3--8 days) and median time to resolution on day 9 (range 7--14 days). Figure [4](#jvim12597-fig-0004){ref-type="fig"} summarizes this data.

![Summary of BRSV trials. For virus isolation (VI), minimum is defined as the day when shedding was first detected, peak is when shedding was at the maximum, and resolution when shedding ceased. For rectal temperature (Temp), minimum is defined as the day when rectal temperature first exceeded 40°C, peak when rectal temperature was highest, and resolution defined as when rectal temperature was less than 40°C. For serum neutralization (Serum), minimum is defined as the day when seroconversion was first detected and peak when serum neutralization was highest. For clinical signs (CS), minimum is defined as the day when clinical signs were first detected, peak being when clinical signs were the most severe, and resolution when clinical signs resumed normal limits.](JVIM-29-770-g004){#jvim12597-fig-0004}

Mannheimia haemolytica {#jvim12597-sec-0008}
----------------------

Five trials from 5 studies investigating *Mannheimia haemolytica* met inclusion criteria for this structured literature review with the mean trial length being 23 days (3--84 days).[34](#jvim12597-bib-0034){ref-type="ref"}, [35](#jvim12597-bib-0035){ref-type="ref"}, [36](#jvim12597-bib-0036){ref-type="ref"}, [37](#jvim12597-bib-0037){ref-type="ref"}, [38](#jvim12597-bib-0038){ref-type="ref"} Table S5 summarizes the studies that were reviewed and analyzed. Of the trials, 4 used *Mannheima haemolytica* type A1 for challenge induction. One trial used *Mannheimia haemolytica*, the type was not reported. Two of the trials were blinded, 1 trial was not blinded and 1 trial did not report if the study was blinded. Four trials had the *Mannheimia haemolytica* challenge administered endoscopically and 1 trial administered the challenge intratracheally. The mean number of calves in each trial was 10.4 (range 3--19 calves). Area of interest data were only present for CS and rectal temperatures. Only 1 trial reported seroconversion.

All trials reported the onset of CS occurred 1 day after challenge inoculation (Fig [5](#jvim12597-fig-0005){ref-type="fig"}). Median time to peak CS occurred 1 day (range 1--2 days) after challenge. All trials reported resolution 8 days after inoculation. Time until rectal temperatures exceeded 40°C was reported as 1 day after challenge by all trials included for the structured literature review. Peak rectal temperatures also occurred 1 day after challenge reported by all trial with the median time until rectal temperatures returned to less than 40°C on day 2 (2--6) postchallenge.

![Summary of *Mannheimia haemolytica* trials. For rectal temperature (Temp), minimum is defined as the day when rectal temperature first exceeded 40°C, peak when rectal temperature was highest, and resolution defined as when rectal temperature was less than 40°C. For clinical signs (CS), minimum is defined as the day when clinical signs were first detected, peak being when clinical signs were the most severe, and resolution when clinical signs resumed normal limits.](JVIM-29-770-g005){#jvim12597-fig-0005}

Mycoplasma bovis {#jvim12597-sec-0009}
----------------

Investigations of *Mycoplasma bovis* for this review included 8 trials and 4 studies.[12](#jvim12597-bib-0012){ref-type="ref"}, [39](#jvim12597-bib-0039){ref-type="ref"}, [40](#jvim12597-bib-0040){ref-type="ref"}, [41](#jvim12597-bib-0041){ref-type="ref"} Table S6 summarizes the studies that were reviewed and analyzed. The mean number of calves included in each trial was 15.6 (range 8--20 calves) with a mean study length of 23.8 days (range 14--28 days). Two studies were blinded, 1 study was not blinded, and 5 did not state blinding status. Seven trials performed intratracheal inoculation and 1 trial challenged intranasally.

The median time to onset of CS was 1 day (range 1--4 days) postchallenge with median time to peak CS occurring on day 2 (range 2--6 days). All trials either still had ongoing CS at the end of the trial or the time to resolution of CS was not reported (Fig [6](#jvim12597-fig-0006){ref-type="fig"}). Median time to rectal temperatures exceeding 40°C occurred 1 day (range 1--8 days) after challenge with median time to peak CS on 4.5 days (range 1--8 days). Median time to rectal temperature resolving to less than 40°C occurred on day 8 (range 5--13 days). Median time to seroconversion was 21 days (range 14--28 days) postchallenge and median time to peak antibody titers on day 28 (range 21--28 days).

![Summary of *Mycoplasma bovis* trials. For rectal temperature (Temp), minimum is defined as the day when rectal temperature first exceeded 40°C, peak when rectal temperature was highest, and resolution defined as when rectal temperature was less than 40°C. For serum neutralization (Serum), minimum is defined as the day when seroconversion was first detected and peak when serum neutralization was highest. For clinical signs (CS), minimum is defined as the day when clinical signs were first detected, peak being when clinical signs were the most severe, and resolution when clinical signs resumed normal limits.](JVIM-29-770-g006){#jvim12597-fig-0006}

Pasteurella multocida {#jvim12597-sec-0010}
---------------------

One study reporting 4 trials investigating *Pasteurella multocida* met inclusion criteria for the structured literature review.[42](#jvim12597-bib-0042){ref-type="ref"} Table S7 summarizes the study that was reviewed and analyzed. Each trial had 4 calves and all calves were challenged intratracheally. Blinding was not reported for the study. The study length was 4 days for all trials.

Onset of CS for *Pasteurella multocida* occurred 1 day after challenge for all reported trials (Fig [7](#jvim12597-fig-0007){ref-type="fig"}). Peak CS also occurred 1 day after challenge for all reported trials with median resolution on day 2 (range 2--4 days). Rectal temperatures also exceeded 40°C on day 1 postchallenge for all trials. Maximum rectal temperatures also occurred on day 1 postchallenge for all trials with resolution on day 2 postchallenge for all trials.

![Summary of *Pasteurella multocida* trials. For rectal temperature (Temp), minimum is defined as the day when rectal temperature first exceeded 40°C, peak when rectal temperature was highest, and resolution defined as when rectal temperature was less than 40°C. For clinical signs (CS), minimum is defined as the day when clinical signs were first detected, peak being when clinical signs were the most severe, and resolution when clinical signs resumed normal limits.](JVIM-29-770-g007){#jvim12597-fig-0007}

*Histophilus somni* was excluded from the structured literature review because no trials were identified that coincided with met our inclusion criteria.

Discussion {#jvim12597-sec-0011}
==========

This structured literature review serves as a resource and summary for the common BRD pathogens with regard to expected times for CS, high rectal temperature, shedding, and seroconversion after pathogen exposure. For the viruses, the relationship between resolution of CS and shedding is interesting. For BVDV, median time for CS persisted 3 days after the resolution of shedding on day 15. However, 1 trial did not have resolution of CS until 23 days postchallenge. Unfortunately, this trial did not report virus isolation data. Both median time to BHV‐1 resolution of shedding and CS occurred on day 14 after challenge. These results correlate with other summaries reporting BHV‐1 shedding resolution between 10 and 17 days and peak CS occurring between 4 and 6 days.[43](#jvim12597-bib-0043){ref-type="ref"} Our study found peak CS at 5 days postinoculation. For BRSV, median time CS resolved 3 days after shedding ceased on day 12. Sacco summarized that viral detection is expected until 7--10 days after infection with viral detection beginning at day 2--3 which correlates with our results of resolution at 9 days and shedding beginning at day 3.[44](#jvim12597-bib-0044){ref-type="ref"} Besides the outlier for BVDV, CS for the viral pathogens (BVDV, BHV‐1, BRSV) resolved near the time of shedding cessation or up to 3 days after shedding ceased. This information could be vital to know in regard to instituting proper quarantine periods in association with onset of BRD CS. Unfortunately, investigations of PI‐3 virus, *M. haemolytica, M. bovis,* and *P. multocida* did not report complete data sets to make comparisons between shedding and CS.

Generally, most induced infections whether viral or bacterial in origin reported resolution of pyrexia before all CS resolve. For BVDV, high rectal temperature resolution occurred 6 days before the cessation of CS on day 15. Median time BHV‐1 and BRSV resolved high rectal temperatures was 5 and 4 days before the resolution of CS. Median time *M. haemolytica* resolved high rectal temperature was day 2 which was 6 days before resolution of CS. *M. bovis* had median time to resolution of high rectal temperatures on day 8 postchallenge. However, we have no data regarding time to resolution of CS since all the trials included concluded before resolution of CS. This could be a result of short trial durations or it could be in conjunction with the known long, often chronic disease course associated with *M. bovis*. Parainfluenza‐3 did not have data for time to resolution of CS and rectal temperatures. *P. multocida* was the only outlier of the common BRD pathogens with high rectal temperatures and CS resolving around the same time (high rectal temperature resolution on day 2, clinical sign resolution on day 2). Knowledge of high rectal temperature resolution with regard to time to resolution of CS could be an important disease progression indicator for producers, veterinarians, and researchers. For the most BRD pathogens, we can expect clinical sign resolution 4--6 days after rectal temperatures have returned to less than 40°C.

Seroconversion is defined as the time at which antibodies are first detected in the serum. Median time to seroconversion occurred between 9 and 21 days for the pathogens in this study, with median time to seroconversion occurring on day 17 for BVDV, day 17.5 for BHV‐1, day 9 for BRSV, and day 21 for *M. bovis*. Data were not available for PI‐3 virus and *M. haemolytica*. Median time to peak seroconversion occurred on day 27 for BVDV, day 40 for IBR, day 23 for BRSV, and day 28 for *M. bovis*. For *M. bovis,* this partially concurs with 1 study evaluating response of naïve calves being exposed to a herd endemically infected with *M. bovis* with antibodies first detected by day 29--35; however, peak antibody response did not occur until day 60 postintroduction.[45](#jvim12597-bib-0045){ref-type="ref"} The time to seroconversion or peak seroconversion could have been affected simply by the animals\' ability to respond to the antigen and produce appropriate antibody or simply confounded by the sampling time selected by the researchers for each trial. For BVDV, BHV‐1, BRSV, and *M. bovis*, seroconversion can be expected to occur in a range of 9 days to 21 with peaks between 23 days to 40.

There are certainly limitations associated with this structured literature review and descriptive analysis. The biggest limitation would be the low number of trials for each pathogen. Unfortunately, the limited number of trials and the heterogeneity of the dataset limited any substantial statistics beyond descriptive. Thus, preventing any interpretation sample size has on outcome variables. For example, a larger study group might have an increase number of days to peak CS and resolution of CS over a smaller group. However, sample size may have no effect on time peak CS and resolution of CS since only challenge models were included. The answer to this question is beyond the ability of this manuscript. Ideally, the structured literature review would have been limited to studies that were blinded. Nonblinded studies were included because the number of trials included would have been severely limited. Additionally, nonblinding is not as likely to affect objective areas of interest such as: rectal temperature, seroconversion, and viral shedding. Another limitation is the lack of shedding data for the bacterial pathogens. However, interpreting shedding data (culture or PCR) for bacterial pathogens is difficult as bacterial pathogens are often normal flora of the nasopharynx of cattle. Ideally, a researcher would collect a deep nasopharyngeal swab for analysis before pathogen challenge ensuring the individual is negative for the pathogen challenge strain and thus correlating bacterial shedding postchallenge matches the appropriate strain. With this review, only 1 study looked at bacterial shedding through utilization of PCR without determining the resolution of shedding. Other factors to consider are the effects of pathogen strain, dose, and route of inoculation of the disease severity and disease course. Unfortunately, the limited dataset prevents utilization of any statistical analysis to determine if the study ranges are because of chance or trial variables (dose, strain, route of inoculation). One must be careful in extrapolating these data to clinical scenarios, as challenge studies may not represent a valid model for natural disease. However, the information in this structured literature review provides a resource when designing clinical trials for the specific pathogens of interest.

This structured literature review serves as a valuable summary and resource for veterinary researchers, veterinarians, and producers interested in the duration of time between exposure to common BRD pathogens until expected time to resolution of CS, high rectal temperature, shedding, and seroconversion. Important conclusions are that CS resolved near the time of shedding cessation or up to 3 days after shedding ceased for BVDV, BHV‐1, and BRSV; and high rectal temperatures resolved approximately 4--6 days before resolution of CS for BVDV, BHV‐1, BRSV, and *M. haemolytica*.
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**Appendix S1.** Articles reviewed for analysis inclusion.

**Table S1.** References reviewed for BVDV challenge studies. NR‐not reported

**Table S2.** References reviewed for BHV‐1 challenge studies. NR‐not reported

**Table S3.** References reviewed for PI‐3 challenge studies. NR‐not reported

**Table S4.** References reviewed for BRSV challenge studies. NR‐not reported

**Table S5.** References reviewed for *Mannheimia haemolytica* challenge studies, NR‐not reported

**Table S6.** References reviewed for *Mycoplasma bovis* challenge studies. NR‐not reported

**Table S7.** References reviewed for *Pasteurella multocida* challenge studies. NR‐not reported
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